The charge injection from metallic electrodes into hole transporting layers of organic devices often suffers from deviations from vacuum-level alignment at the interface. Even for weakly interacting cases, Pauli repulsion causes an interface dipole between the metal and conjugated organic molecules (COMs) (so called "push-back" or "cushion" effect), which leads notoriously to an increase of the hole injection barrier. On the other hand, for chalcogenol self assembled monolayers (SAMs) on metal surfaces, chemisorption via the formation of chalcogen-metal bonds is commonly observed. In these cases, the energy-level alignment is governed by chalcogen-derived interface states in the vicinity of the metal Fermi-level. In this work, we present X-ray and ultraviolet photoelectron spectroscopy data that demonstrate that the interfacial energy-level alignment mechanism found for chalcogenol SAMs also applies to seleno-functionalized COMs. This can be exploited to mitigate the push-back effect at metal contacts, notably also when COMs with low ionization energies are employed, permitting exceedingly low hole injection barriers, as shown here for the interfaces of tetraseleno-tetracene with Au(111), Ag(111), and Cu(111).
I. INTRODUCTION
A maximum understanding and control of the organic/metal (O/M) interface is of paramount importance for the realization of efficient devices with well-defined morphologies in the growing field of organic electronics. To facilitate efficient charge transfer at O/M interfaces, low hole injection barriers (HIB) are needed, 1, 2 which, when assuming vacuum-level alignment, are related to a small ionization energy (IE) of the organic material and/or a high work function (φ) of the metal. However, when molecules are brought into contact with clean metals, the initial metal φ is usually altered due to the formation of an interface dipole, which can originate from a variety of effects. 3 In the case of noble metals and physisorbed molecules without permanent dipole moment, one major contribution has been identified: The electron density spilling out into vacuum at the clean metal surface is "pushed back" by the molecules due to Pauli repulsion. 1, 4 In this case the initial metal work function is reduced and thus the HIB is significantly larger than expected from simple vacuum-level alignment. The magnitude of the push-back effect is mainly controlled by the adsorption distance of the conjugated organic molecule (COM) and does not involve a chemical hybridization of its frontier molecular orbitals and the metal states. [5] [6] [7] For chemisorbed molecules, in contrast, a chemical molecule-metal interaction can further change the charge rearrangement between molecule and surface. The resulting interface dipole can be of both signs, and competing effects can also cancel each other and thus mimic vacuum-level alignment. For instance, molecular acceptors with typically large electron affinities (EAs) (and consequently also large IEs) were found to form a charge transfer complex with the metal and thus to counterbalance the push back effect [8] [9] [10] and, when employed as interlayers, to thereby decrease the HIBs between metals and active overlayers. 9, 10 However, the acceptor molecules have often a low molecular weight and are thus prone to interlayer diffusion, [11] [12] [13] which hinders controlled device fabrication. Thus, the combination of (i) a low IE and (ii) the capability to mitigate the push-back effect at the metal electrodes in one COM is clearly desirable, since it would eliminate the necessity for an additional interlayer. Conveniently, the charge rearrangement at the O/M interface depends also on the COM chemical structure and, for example, the bonding of specific substituents to the metal surface.
14 Clearly, in order to combine the two dissimilar attributes (i) and (ii), which in the interlayer architecture are carried by donor and acceptor molecules, respectively, the semiconducting properties of the COM and its chemical bond to the metal must be electronically largely independent. This was indeed observed for selenolate-and thiolate-selfassembled monolayers (SAMs) on several coinage metal surfaces, 15, 16, 86 for which the adsorption-induced charge rearrangement does not invoke the orbitals of the SAM core, and the energy-level alignment at the O/M interface is governed by an alignment of the chalcogen-derived states to the metal Fermi-level. [17] [18] [19] [20] To test how chalcogeno-functionalization of COMs affects their energy level alignment with metal contacts, we selected tetraseleno-tetracene (TSeT, chemical structure in Fig. 1 ), which can be seen as derived from tetracene by substitution of four hydrogen atoms by selenium atoms (which is predicted to be a better electronic coupling group than sulfur 21, 22 ). It was first synthesized more than 50 years ago 23 and mostly studied due to its ability to form radical-cation salts, which were found to be highly conducting. 24, 25 In these salts TSeT acts as donor, and it was shown by electrochemical measurements and calculations that the IE of tetracene decreases significantly by the selenium substitution (even below that of pentacene). 26 With our photoemission results on vacuum-deposited TSeT thin films on the (111)-surfaces of coinage metals we demonstrate that it is indeed possible to combine the special energy-level alignment situation of SAMs with the organic semiconductor properties of TSeT, resulting in extremely small HIBs.
While small HIBs at O/M interfaces are an energetic prerequisite for many devices, layer-by-layer growth of the organic material is often desired in addition (e.g., in organic light-emitting diodes, OLEDs), which is also essential for a clear assessment of the energy-level alignment at the immediate TSeT/metal interface. However, our photoemission experiments show that TSeT exhibits pronounced 3D island growth when deposited onto substrates kept at room temperature (RT). By cooling the metals to 77 K (LT) during TSeT deposition, island formation is kinetically hindered, resulting in kinetically limited layering of lying-down molecules. For a controlled assessment of how the interplay of substrate-molecule and intermolecular forces affects the film morphology, [27] [28] [29] [30] [31] annealing procedures of LT-grown TSeT films were performed.
II. EXPERIMENTAL DETAILS
Au(111), Ag(111), and Cu(111) single crystals were cleaned by repeated heating and Ar-ion sputter cycles. A (100) oriented p-doped silicon single crystal (Siegert Consulting, prime grade) with a native oxide layer (SiO x ) was used without further treatment. TSeT was purchased from Ambinter (France) and purified by recrystallization in trichlorobenzene. TSeT films were vacuum deposited from resistively heated quartz crucibles for all experiments.
RT X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS) experiments were performed at the end station SurICat (beamline PM4) 32 at the synchrotron light source BESSY II (Berlin, Germany). TSeT films were grown in the preparation chamber (base pressure <1 × 10 −8 mbar) and transferred to the analysis chamber (base pressure 2 × 10 −10 mbar) without breaking ultrahigh vacuum (UHV) conditions. XPS (UPS) was performed using a photon energy of 620 eV (35 eV). Photoemission spectra were collected with a hemispherical electron energy analyzer (Scienta SES 100, 120 meV energy resolution) with angles between sample and incident beam of 60
• and 15
• for electron emission angles of 0
• and 45
• , respectively. The film thickness was monitored with a quartz crystal microbalance. The secondary electron cutoff (SECO) was measured with −10 V bias applied to the sample.
LT and annealing experiments were done at Chiba University. Film growth and characterization were done in the same UHV chamber (base pressure 4 × 10 −10 mbar). TSeT was evaporated onto substrates kept at 77 K. A cooling shield (T = 30 K) surrounding most of the sample holder largely reduced sample surface contamination due to adsorption of residual gas. Since this chamber was not equipped with a thickness monitor, the rate for the evaporation source was calibrated beforehand in another UHV chamber with a quartz crystal microbalance and set to ca. 2 Å/ min (which might have slightly decreased with time). UPS experiments were performed with a HeI UV light source and a hemispherical electron energy analyzer (Scienta R3000). The angle between the incident beam and the sample was fixed to 65
• ; details of the measurement geometry can be found in Ref. 33 . The sample was biased with −3 V for SECO measurements. The energy resolution was 80 meV at RT. Note that relative differences of the energetic positions of SECO and peak maximum/onset within one set of experiments can be determined with a smaller uncertainty.
Density functional theory (DFT) calculations for a free TSeT molecule were performed with Gaussian09 (Revision A.02) 34 using the PBE0 hybrid exchangecorrelation functional 35 and a 6-31G** contracted-Gaussian basis set. 36, 37 
III. RESULTS AND DISCUSSION

A. Room temperature film growth (interface region)
To establish whether TSeT indeed interacts with the metals Au and Ag via its seleno side groups we first performed XPS experiments that should yield characteristic core level binding energy shifts upon specific strong interactions. A film of nominal 100 Å TSeT deposited on SiO x , for which no significant interaction is expected at the interface, served as reference system for bulk-like spectral features. The C1s and Se3d spectra are shown in Fig. 2(a) . For the C1s spectrum, the contribution of the residual carbon contamination of the SiO x substrate is subtracted. The remaining spectrum (residue) can be fitted with one Voigt peak at 284.75 eV. The Se3d region contains two doublets of very different intensity. The binding energy (BE) of the main feature (Se3d 5/2 at 55.9 eV) compares well to what was found for bulk TSeT. 38 The very weak and also broader feature at ca. 57 eV BE is most likely due to a shake-up process, as was observed for the closely related molecule tetrathio-tetracene (TTT). 38 In Fig. 2 (b) the Se3d and C1s spectra for several coverages of TSeT on Au(111) (left) and Ag(111) (right) are shown. The Se3d region overlaps with the energy positions of Au5p 3/2 and Ag4p levels, and the presented spectra have been corrected for photoelectron intensity stemming from these substrate features by a simple subtraction procedure (not shown). Starting from nominal sub-monolayer TSeT coverage (ca. 3 Å), we observe four Se3d doublets for each of these two metals. The two features at higher BE agree with the two bulk-like peaks observed for TSeT/SiO x (vide supra). The two features at lower BE (Se 3d 5/2 at 54.0 eV and 53.5 eV) are not present in the reference spectra for films on SiO x , thus they must be attributed to TSeT interacting with the metal surfaces and are therefore referred to as interface species (IF 1 and IF 2, respectively).
Like the Se3d spectra, also the C1s spectra of TSeT/Au(111) and TSeT/Ag(111) differ from these of the TSeT film on SiO x , as can be clearly seen by the peak asymmetry, particularly for low coverages. In a simple fit model, we attribute one contribution in the C1s spectra to the bulklike species, and by fixing the energy difference between Se3d 5/2 and C1s to 228.8 eV (as found for "bulk" TSeT on SiO x ) we find the second C1s contribution at 0.5 eV lower BE (i.e., a too large energy difference to be only due to a difference in photo-hole screening efficiency), which we thus assign to the interface species. This assumption is supported by the good agreement of the relative spectral weights of bulklike and interface (IF 1 + IF 2) contributions for both elements' core levels, as illustrated as a function of coverage in Fig. 2(c) . Note that the C1s to Se3d peak area ratio is consistent with the chemical formula of TSeT for all coverages. Some spectral intensity is also observed at ca 285.5 eV, which was not seen for TSeT/SiO x [ Fig. 2(a) ]. This feature, which is too small to notably contribute to the quantitative analysis, probably stems from those carbon atoms of TSeT that are bound to selenium atoms, and, thus, undergo a different chemical shift upon chemisorption compared to the other carbon atoms.
14 Notably, the BE values of the interface species for Se3d and C1s are very similar to those found for selenolate SAMs on Au(111) and Ag(111), where the selenium atoms are covalently bound to the metal. [39] [40] [41] This strongly hints towards a similar interaction in terms of strength and bond mediation (i.e., via the selenium atoms) also between TSeT and Au and Ag.
In the chalcogenolate SAM-related literature, different explanations can be found for the occurrence of two (111) and Au(111), BE differences of the chalcogen core levels between films of different SAM types 42, 43 and also within the same film 40 comparable to the 0.5 eV difference between IF 1 and IF 2 have been observed and were explained with differently bound chalcogenolate species. In particular, a systematic variation with the number of methylene groups was found for oligophenyl-substituted alkanethiolate SAMs (so-called odd-even effects) 42, 43 and explained with differently strained sulfur-metal bonds. 44 On the other hand, for benzeneselenol/Au(111) 39 and biphenyl methylenethiol/Ag(111), 43 two core level peaks have been attributed to two chemically different chalcogen species on the surface: chalcogen atoms in chalcogenolate molecules [at higher BE, which would correspond to IF 1 in Fig. 1(b) ] and chalcogen atoms abstracted from the molecules [at lower BE, which would correspond to IF 2 in Fig. 2(b) ]. In the present case, given the chemical structure of TSeT [ Fig. 1(a) ], containing four selenium atoms that are not spaced in registry with the Ag(111) or Au(111) lattice, it is conceivable that the selenium atoms of TSeT form differently strained bonds with the Au and Ag surface. In addition, while we find TSeT to lie mostly flat on Au(111) and Ag(111) from the LT experiments (vide infra), it is possible that some TSeT molecules adopt an inclined (and thus differently bound) adsorption geometry, which was indeed observed for TTT/Au(111) from scanning tunneling microscopy (STM). 45, 46 These considerations allow rationalizing the observation of two interface species without invoking a breakage of Se-C bonds. However, with the insufficient atomistic-geometrical information for this particular system, we refrain from any further speculation. 47 Having established that TSeT molecules bind to the metal surfaces strongly via their seleno groups, we now examine how this affects the energy level alignment. Fig. 3 shows UPS spectra for some of the same samples already discussed with XPS from Fig. 2(b) , i.e., in the TSeT monolayer range. Thicker TSeT films will be discussed after LT and annealing sections (Secs. III B and III C, respectively), in order to allow a comprehensive discussion once both RT and LT data FIG. 3 . Room temperature UPS results of (a) Au(111) and (b) Ag(111) for the pristine metals and after deposition of the indicated nominal TSeT coverages. On the left, the SECO region is shown for TSeT coverages up to the approximate saturation of the vacuum level shift (30 Å). A dashed line illustrates the common φ = 4.45 eV at 30 Å in both cases. In the right figure part, the valence band region close to E F is shown (measured with an angle of 45 • between sample normal and detector). For both (a) and (b), only the spectrum for a TSeT film close to the nominal monolayer coverage (6 Å) is presented, which is used to determine the HOMO energetic position by a simple onset procedure, as illustrated for the dotted spectra. In addition, a fit in agreement with the findings from the LT data (vide infra) is presented for the identical spectra shown as continuous lines. The peak filled with dashed lines corresponds to the two interface species, and the one without filling accounts for the multilayer species. The relative intensities for the two fit contributions are approximated by the respective relative intensities determined from the core level fits presented in Fig. 2. have been introduced. In the left part of Fig. 3 the SECO region is presented, which is used to determine the sample work function φ. Results for Au(111) and Ag(111) are reported in (a) and (b), respectively. The bottommost trace in each graph shows the spectra for the respective pristine metal surfaces. Up to 30 Å TSeT coverage, the work function of Au(111) is reduced by 1.05 eV (from an initial value of 5.50 eV) and by 0.15 eV on Ag(111) (from 4.60 eV). Thus, φ of 30 Å TSeT on both metals is 4.45 eV and the initial φ difference between Ag(111) and Au(111) of 0.9 eV is eliminated by deposition of the TSeT monolayer and the concomitant formation of an interface dipole ( φ). From the very different φ's we can conclude on markedly different charge density rearrangements upon TSeT/metal interface formation in the two cases. Interestingly, a fully analogous behavior was observed for thiolate SAMs on the same metals. 48 For these interfaces, theoretical modeling indicated that the adsorption-induced work function change is dominated by the charge transfer between the sulfur atom and the metal, which is driven by the initial metal φ, thus resulting in very similar φ values after SAM formation. [17] [18] [19] [20] The calculations found the same behavior for selenol and thiol docking groups. Therefore, the behavior of TSeT, i.e., yielding the same φ for TSeT/Au(111) and TSeT/Ag(111), together with the core level BEs that match those of selenolate SAMs, suggests that the selenium-metal bonds in these systems behave very similar to what was found for the SAMs. We therefore propose that the same energy-level alignment mechanism as found for the SAM/metal interface, 18 also governs the energy level alignment at the TSeT/metal interface.
Note that φ for TSeT deposited on Au(111) is comparable to that induced by many physisorbed molecules, such as the prototypical organic semiconductor pentacene, 49, 50 which also compares well to TSeT in terms of IE and molecular structure, 51, 87, 88 or, e.g., benzene. 4 However, the φ induced by pentacene is due to the push-back effect, whereas XPS clearly showed chemisorption of TSeT on Au(111). The impact of the selenium substitution is even more pronounced for TSeT/Ag(111), where φ is significantly smaller than reported for physisorbed molecules like pentacene 52, 53 and other common COMs. 10, 54, 55 Accordingly for TSeT, the pushback effect is to a significant extent counterbalanced by the charge density rearrangement induced by the seleno-Ag bond.
The low BE valence band region at an emission angle (θ ) of θ = 45
• is presented in the right part of Fig. 3 . For a nominal TSeT coverage of 6 Å on both Au(111) and Ag(111) we find a peak in the low BE valence region (Fig. 3 ) close to the Fermi-level (E F ), which was not observed for the pristine metals, and can be readily ascribed to emission from the orbital of chemisorbed TSeT which is derived from the highest occupied molecular orbital (HOMO) of free TSeT. The low BE onsets of emission determined with the simple procedure illustrated in Fig. 3 are at 0.25 eV and 0.5 eV for Au(111) and Ag(111), respectively.
From the evolution of φ as function of nominal coverage we conclude that the monolayer is closed only beyond 12 Å or 30 Å on both substrates, which is well beyond the nominal monolayer-equivalent coverage (4 Å). Therefore, 3D-island formation is preferred over metal surface wetting for TSeT films deposited at RT. Accordingly, already films of very low nominal coverage not only contain TSeT molecules that are in contact with the metal surface, but also some that are located in multilayers, as is also supported by the XPS data in Fig. 2 . In general, the ionization energies measured by UPS of molecules in the bulk and in contact with a metal surface are not the same, e.g., because the photohole screening efficiency of a metal is significantly larger than that of an allmolecular surrounding. [56] [57] [58] Indeed, as we will show below for TSeT films grown at LT, the energy levels of multilayer TSeT molecules are at higher BE than the ones in contact with the metals. To account for this finding, which we will discuss in detail in Sec. III B, Fig. 3 also presents fits that account for both species, with the relative spectral intensities as found for IF and bulk-like species in XPS. Note that the less intense interface contribution of the HOMO-derived peak for TSeT/Au(111), as compared to TSeT/Ag(111) [Figs. 3(a) and 3(b) , respectively], is consistent with the fact that multilayer molecules, which attenuate the interface signal, are much more abundant in the case of Au (111) [cf. Fig. 2(b) ]. However, given the complex film morphologies, a detailed analysis of the HOMO-derived peaks is beyond the scope of the simple model employed.
B. Low temperature film growth
To clearly disentangle the energy levels right at the interface and in multilayers, which is to some extent impeded by the island growth mode at RT, TSeT films were also grown on Au(111), Ag(111), and Cu(111) single crystals cooled to 77 K (LT), whereby the tendency of TSeT to form islands was kinetically suppressed. Cu was added in this part of the study to extend the metal substrates towards typically higher reactivity with conjugated molecules. UPS spectra of the pristine metals at RT and LT, and for TSeT deposited on them at LT are reported in Figs. 4(a)-4(c) , for Au(111), Ag(111), and Cu(111), respectively. When cooling Au(111) from RT to LT, φ decreases slightly from 5.43 eV to 5.27 eV and the surface state, visible at an emission angle θ = 0
• , shifts to higher BE due to lattice contraction, 59 but does not decrease in intensity; thus Au(111) surface contamination due to adsorbates 89 is not impeding our results. 60 Analogous observations were made for Ag(111), where the φ decrease upon cooling to 77 K is only 0.02 eV, the surface state shifts to higher BE, and it increases in intensity as was reported before. 59 For Cu(111), the φ decrease upon cooling to 77 K is 0.3 eV. Furthermore, the surface state is almost completely quenched when reaching 77 K. We speculate that, despite our best efforts, the Cu(111) surface did suffer from notable residual gas molecule adsorption during the cooling process; consequently, the Cu results will be considered as preliminary.
Au(111)
Depositing ca. 2 Å TSeT gives rise to a peak in the valence electron region with its maximum at 0.6 eV BE, shown in the very right part of Fig. 4(a) , which we assigned to emission from the HOMO of TSeT. This peak is clearly visible at a take-off angle of θ = 45
• , while it is much less intense for θ = 0 • . Such a θ -dependence of the HOMO-related spectral intensity is due to the selection rules of the photoelectric process and can be attributed to flat-lying molecules for the HOMO symmetry of TSeT [a u in the D 2h symmetry group for an isolated molecule as shown in Fig. 1(b) ], 61 consistent with the prevailing geometry also observed for TTT/Au(111) by STM. 45, 46 The maximum of the HOMO-derived peak for the 6 Å coverage is located at higher BE than for 2 Å, due to a second contribution with its maximum at 0.9 eV, as shown by the best fit in the θ = 45
• spectrum. The emergence of this feature in the valence spectrum is a good indication that at least a second molecular layer is present at this coverage. In view of the molecular dimensions shown in Fig. 1(c) , this corroborates the reasoning that the first TSeT layer adsorbs flat-lying. The higher BE of the second layer can be explained by the less efficient photo-hole screening in multilayers compared to the monolayer in direct contact with the metal substrate. [56] [57] [58] In addition, the TSeT molecules chemisorb on Au(111), and thus as the monolayer is chemically different from the multilayer TSeT molecules, which will result in different orbital energies. 14 At this coverage of 6 Å φ has reached its minimum of φ ML = 4.49 eV. Together with the HOMO low BE onset at 0.2 eV we retrieve the IE of the TSeT monolayer on Au of IE ML = 4.7 eV. No φ change occurs between 6 Å and 20 Å coverage, as expected for multilayer formation once the chemisorbed monolayer is completed. However, when going from 20 Å to 120 Å coverage, we find a small φ increase of 40 meV to 4.53 eV and a shift of the maximum of the HOMO-derived peak by the same amount towards E F , i.e., a rigid shift. In Fig. 5 , the HOMO maximum positions and φ values are summarized for all investigated coverages. Such gradual energy level shifts when going from chemisorbed monolayer to multilayer are to be expected on general grounds, and have been reported frequently (e.g., Refs. 62 and 63), also for chalcogenolate SAM interlayers. 64 In the present case, the observed rigid parallel shift of HOMO and φ points to an electrostatic effect. We exclude a long range charge transfer caused by Fermi-level pinning of the lowest unoccupied molecular orbital (LUMO) [65] [66] [67] [68] or impurities 52, [69] [70] [71] 90 (as required for the observed shifts to lower BE), since we would rather expect Fermi-level pinning to happen for the HOMO in view of its proximity to E F (see also discussion below). The small shift might stem from polarization at the organic homo-junction, consisting of bulklike TSeT on top of chemisorbed TSeT, similar to what was found in a recent theoretical study. 72 The peak full-width-at-half-maximum (FWHM) of the HOMO-derived peak of the 120 Å thick film is 0.5 eV, i.e., slightly larger than the 0.4 eV for the first and second layer, which indicates that the arrangement of molecules in the multilayer probably deviates from the flat-lying arrangement found for low coverages.
The continued TSeT deposition up to a total coverage of ca. 250 Å, which corresponds to several tens of monolayers, led to a rigid shift of the valence spectrum of ca. 0.1 eV to higher BE and a φ shift of 0.13 eV (leaving IE thick = 4.9 eV essentially constant), together with a broadening of all peaks in the valence band. These observations are The pristine metals before (dashed lines) and after decreasing the sample temperature to 77 K (solid grey). Middle (labeled "growth"): TSeT films of the indicated nominal coverage deposited at 77 K. For (a) and (b), the first layer (filled with slanted lines with positive slope) and second layer contribution (without filling) for the lowest two TSeT coverages are also shown. The dashed spectra in (a) show indications of sample charging as detailed in the main text. Top (labeled "annealing"): TSeT films of the respective maximum thickness during subsequent heating to the indicated sample temperature, or in the indicated sample temperature range. For (b) and the annealing temperature between 77 K and 300 K, two SECO spectra measured at slightly different sample spots are shown, which both show signs of multilayer dewetting. The determination of a clear SECO spectrum as in (a) and (b) was not possible for this system and the SECO onset at lowest kinetic energy will be used for further analysis, since it gives the best guess for the situation which is still governed by φ of multilayer molecules. For (a) [(b)] and 325 K [300 K], the contributions used for the subtraction procedure described in the main text are shown with a filling of slanted lines with negative slope. probably related to positive charging of the molecular film during photoemission.
73, 74
Ag(111)
The SECOs for selected TSeT coverages on Ag(111) are shown in the left part of Fig. 4(b) . The φ evolution derived from these and further coverages, plotted in Fig. 5 , are now discussed first, which allows for a discussion of subtle changes in the energetic position of the HOMO-derived peak later on. We first observe a sharp φ decrease to a minimum of φ ML = 4.35 eV at 2 Å, which corresponds to a change of −0.19 eV when compared to pristine Ag(111). We observe no further decrease when going beyond this coverage. Instead, already at 4 Å we find that φ increases slightly by 20 meV, which marks the start of a gradual increase of in total 0.16 eV for the final coverage of 110 Å. Note that this behavior is qualitatively the same as was found for Au(111), and the φ value at ca. 110 Å, φ thick = 4.51 eV, for TSeT/Ag(111) differs by only 20 meV from φ thick for TSeT/Au(111). Notably, as can be seen in With the coverage-dependent φ evolution at hand, we now turn to the valence region. For 4 Å TSeT/Ag(111), the HOMO-derived peak varies in intensity when comparing θ = 0
• in a very similar way as we found for 6 Å TSeT/Au(111). Therefore, we conclude on a similar adsorption geometry of the monolayer, i.e., flat-lying. This is further supported by the fact that the minimum of φ is found between 2 Å and 4 Å coverage, which agrees well with the value that marked the onset of the formation of the second layer on Au(111). Since for a coverage of 6 Å TSeT on Au(111) we observed that the HOMO-derived feature contains a second contribution at higher BE, we conjecture that the same is also true for 4 Å TSeT/Ag(111). However, the assignment of two contributions at different BEs is less obvious in the latter case, as is apparent from almost identical peak maxima found for the HOMO-derived peak throughout the coverage range from 4 Å to 55 Å. Still, as indicated in Fig. 4(b) for θ = 0
• , a small shift of about 10 meV when going from 4 Å to 8 Å and another of ca. 20 meV when going to 55 Å coverage indicate a change of BE between first layer and subsequent layers. A preliminary fitting (which is justified by our findings from annealing experiments) of the HOMO-derived peak for 4 Å and 8 Å coverage yields a second contribution to be located at 1 eV for 4 Å and 0.95 eV for 8 Å, which is exactly what we expect for the HOMO of multilayer molecules if we extrapolate the rigid shift of φ and HOMO, found for higher coverages in Fig. 5 , to the low coverage regime. We therefore conclude that the HOMO of monolayer of TSeT on Ag(111) peaks at 0.8 eV and its onset is at 0.4 eV [shown in Fig. 4(b) for θ = 45
• ], which gives an only slightly higher IE ML = 4.75 eV than was found for TSeT/Au(111) (cf. Fig. 6 ).
Cu(111)
The monolayer region of TSeT on Cu(111) is discussed in less detail than for the other two metals for the following reasons: First, the specific experiments that were indicative for the monolayer region on Au(111) and Ag(111), namely, very thin coverages and a multilayer film annealed to ca. RT, give much broader features in the case of Cu(111) as can be seen in Fig. 4 . This indicates that TSeT reacts qualitatively different with Cu(111) compared to the other two metals. A qualitative difference in bond formation has also been found for (solution-processed) benzeneselenol/Cu(111) when compared to Au(111) and Ag(111). 75, 76 In addition, as mentioned before, the Cu(111) surface was not completely clean due to adsorbed residual gas molecules at LT.
When going beyond the coverage regime for which the spectra contain significant intensity from the direct TSeT/Cu(111) interface, energy position and overall behavior of the HOMO-derived peak and φ agree with what was found for multilayer films on the two other metal substrates. The φ evolution is included in Fig. 5 and is identical with the one for Ag(111). The continuous HOMO shift to lower BE with increasing coverage can be seen from the onsets indicated in the right part of Fig. 4(c) .
Thus, even if the information on the monolayer contains the mentioned uncertainties, the overall energy level alignment of TSeT/Cu(111) follows the same trend as observed for TSeT/Au(111) and TSeT/Ag(111) (Fig. 4) . The φ FIG. 6. Energy level diagrams (bottom) and morphology models (top) for the following systems. From left to the vertical dashed line: the pristine metals at room temperature (RT) and 77 K, the first TSeT layer, the second TSeT layer, and a multilayer TSeT film for a sample temperature of 77 K. Very right: The multilayer TSeT film during a subsequent annealing, beyond 170 K and just before room temperature (RT) is reached. The respective substrates and a scale bar for positive binding energies in eV are shown on the left. For Au(111) and Ag(111), the HOMO maxima are given and the peak widths are indicated by the rectangles ranging to the peak onsets. Only the onsets are shown for Cu(111) and first and second layer are not differentiated because of the qualitative differences of this system discussed in the main text. In all cases, the onsets are used for determining the presented ionization energies. minimum in this case is in between the φ ML values for the two other metals (Fig. 5) . The present UPS results therefore indicate that the TSeT energy levels are similarly pinned on all three metal surfaces, consistent with what was observed for several thiol SAMs.
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C. Annealing of films grown at low temperature
To be in a better position to discuss the film growth of TSeT at RT, we annealed the multilayer films deposited at LT by slowly increasing the sample temperature up to ca. 400 K over a time of ca. 15 h. The corresponding spectra are included in Fig. 4 . The observations obtained are almost identical for all metals and will be discussed in detail for Au(111); only (small) differences observed for the other two metals will be discussed thereafter.
Au(111)
Starting with the sample at ca. 170 K, φ gradually decreases from 4.53 eV to 4.0 eV, while the HOMO onset shifts from 0.35 eV to 0.25 eV BE, i.e., the IE decreases by more than 0.6 eV. This temperature-induced process can be explained by gradual dewetting of TSeT from Au(111), as also observed, e.g., for pentacene/Au. 28 This allows the molecules to rearrange (most likely a transformation from an amorphous to a polycrystalline film), which can impact IE for the following two reasons:
First, a better/closer molecular packing can increase the intermolecular screening, which was found to decrease the IE by up to 0.3 eV when going from disordered to crystalline films, 77, 78 and can explain part of the observed IE difference. Second, the orientation of the molecules with respect to the substrate can change, 27, 29, 79 which was shown to significantly influence the IE. 54, 79, 80 In the present case, a reorientation is indeed indicated by a change of the relative peak intensities in the valence region. The features higher in BE than ca. 5 eV are much more intense than before annealing started, while the peaks at lower BE decrease in intensity. The latter ones are derived from π -orbitals, while the former ones are mainly from σ -orbitals, as illustrated in more detail in Fig. 7 . In accordance with similar systems, 29, 79 the observed intensity variation can therefore be interpreted as an increasing inclination of the backbone of the TSeT molecules ("lying-to-standing" transition). Such a transition is consistent with the observed IE decrease, since both, the Se and H atoms have a positive partial charge, 38 while the π -electrons create a negative partial charge above and below the TSeT backbone. This results in a significantly anisotropic potential of an isolated TSeT molecule, as shown in Fig. 1(c) , which translates to an IE decrease between a film of flat-lying and inclined molecules, which is further detailed in Refs. 80-82. Reorientation-induced IE decreases of comparable magnitude were reported before. 54, 79, 80 Note that for lying-to-standing transitions of related molecules often a constant φ is observed and the change in IE is reflected only by a shift of the molecular levels. 54, 55 This is not the case for TSeT on Au. The HOMO level is very close to E F already at LT, and the orientation-induced movement of the HOMO would bring it even above E F , i.e., into extreme electronic non-equilibrium. In return, electrons are transferred from the TSeT HOMO to the metal, i.e., pinning sets in. Consequently, a significant dipole is built up as evidenced by the φ decrease. This ensures that also the reoriented molecules with lower film IE have their HOMO below E F . The apparent finite energy difference between HOMO-onset and E F can be rationalized by the tailing HOMO gap states, which are not accessible with the experimental sensitivity of our setup but should show up in specifically dedicated measurements. 83, 84 When reaching ca. 325 K, φ increases again (gradually over ca. 1 h) to φ = 4.45 eV, which is similar to φ ML and φ thick . Substrate features can now be seen again in the valence region, in particular the Au d-band, between 2 eV and 7 eV BE, and also the Fermi edge. Obviously, annealing leads to a dramatic change of the aspect ratio of the multilayer film, from quasi-2D to pronounced 3D. Therefore, the signal contribution from multilayer areas is reduced, i.e., the valence signal from the monolayer appears prominently and φ is increased due to the area-averaging of the SECO measurement. When comparing the HOMO-derived peak at θ = 0
• and θ = 45
• emission angle, additional intensity at lower BE can be seen for the latter case. The difference spectrum gives a peak that agrees very well in energy position and shape with the spectrum of the 2 Å film during the initial deposition sequence. This indicates that the monolayer does not dewet and reorient up to this temperature.
Increasing the sample temperature up to 380 K causes only a slight broadening of the valence features (not shown). However, at 400-410 K the intensity of the molecular features reduces drastically and irreversibly; when going back to RT the spectrum remains unchanged. This final annealing step also induces a φ decrease of 0.05 eV. The origin of these observations is likely desorption of intact molecules, probably accompanied by (substrate-mediated) chemical reactions and desorption of reaction products, similar to what was reported for benzeneselenolate/Au(111) 39, 85 and TTT/Au(111). 
Ag(111)
On Ag(111) the dewetting (indicated by the beginning of the SECO shift to higher kinetic energies) sets in already at ca. 285 K [was ca. 325 K for Au(111)]. This difference between the two substrates agrees with the observation of more pronounced dewetting on Ag(111) observed during the RT measurements (see below). However, another reason for the observation of dewetting already at lower temperatures might be the lower film thickness that we employed [less than half of that for Au(111)].
In addition, on Ag(111) the HOMO-derived peak of the film after dewetting (between 300 K and 380 K) has a different shape and its intensity varies differently as a function of θ than was observed for Au(111). Still, like for Au(111), a feature that is significantly higher in intensity at θ = 45
• than at θ = 0
• can clearly be seen. We therefore performed the same subtraction procedure as was performed in the case of Au(111) and found a feature with its maximum at 0.8 eV, which we attribute to the TSeT monolayer, consistent with the discussion for the LT-film growth above.
Cu(111)
On Cu(111), the shift of the SECO to higher kinetic energies sets in at around 300 K. As mentioned before, the HOMO-derived feature for the annealed film is very broad already at 325 K. However, another change in spectral shape and φ decrease is seen when the sample temperature reaches 400 K, showing that also in this case the TSeT film undergoes a significant structural change at this temperature.
D. Multilayer films grown at room temperature
With the conclusions drawn from the LT film growth and annealing experiments, we now turn back to RT-grown TSeT films and discuss the multilayer regime. Figs. 8(a) and 8(b) present the UPS data for TSeT films of the indicated nominal coverages grown on Au(111) and Ag(111), respectively. The respective XPS data were already presented in Fig. 2 . The first observation is that even for the highest TSeT coverage on Au(111) (100 Å) as well as on Ag(111) (130 Å) [topmost spectra in Figs. 8(a) and 8(b) , respectively], significant spectral intensity from the substrates -apparent from still visible Fermi edges and valence region shapes that are different for Au and Ag -can be observed. Since UPS is a very surface sensitive technique, with a sampling depth of only a few Å, this supports the notion of pronounced 3D island growth on both metal substrates at RT, as was discussed above based on XPS data and the SECO evolution only.
As discussed in Sec. III B, the contribution of the HOMO-derived peak that can be attributed to the multilayer is at higher BE than that of the monolayer, as can be seen in the fits shown for a coverage of 6 Å and an emission angle of θ = 45
• in the very right part of Fig. 8 . With increasing coverage, this feature gradually shifts by ca. 0.25 eV to lower BE for Ag(111) and a (smaller) shift is observed also for Au(111); analogous shifts are seen in the bulk-like core levels. These shifts are in part of the same nature as those observed in the LT measurements, i.e., of electrostatic origin, with a corresponding shift of the SECO to higher kinetic energy not being observable due to 3D-island growth. However, the HOMO maxima observed for RT-grown multilayer films [0.6 eV and 0.75 eV for 30 Å TSeT on Au(111) and Ag(111), respectively] are at lower BE than observed for multilayer films grown at LT (0.85 eV in both cases). Recalling the observations during the annealing of the LT-grown films, this probably results from an increased inclination of TSeT molecules, with a further contribution from better screening in the RT-grown films (i.e., improved intermolecular order).
As can be seen in Fig. 2 (b) (most clearly for the Se3d spectra and coverages less than 30 Å), the spectral intensity of the bulk-like (=multilayer) contribution in the case of Ag(111) is lower than for Au(111) for identical nominal coverages. This can be due to a lower sticking coefficient and/or more pronounced dewetting of multilayer TSeT molecules in the former case, which (both) means that TSeT molecules have less affinity to TSeT-monolayer-covered Ag(111) than to TSeT-monolayer-covered Au(111). This difference, which is consistent with the observed dewetting behavior of multilayer TSeT during the annealing of LT-grown films, is reflected in the following different observations for higher nominal TSeT coverages on Ag(111) and Au(111):
For Ag(111), the substrate features become more prominent when going from 30 Å to 130 Å TSeT coverage due to significant dewetting. 62 Consistently, for this coverage step also the interface species in XPS become more intense [ Fig. 2(c) ] and an increase in intensity is also observed for the Ag3d core level (not shown).
For Au(111), on the other hand, the substrate contribution in the valence region decreases when increasing the coverage to 100 Å, evidencing that dewetting is less pronounced in this case. At the same time, the SECO shifts to lower kinetic energy and all peaks significantly broaden. A pronounced broadening is also observed for the core level peaks in XPS, and the bulk-like feature shifts to higher BE, i.e., rigidly with the SECO. These observations (which, as mentioned before, likely stem from photoemission-induced sample charging) match those for the LT measurements, where, however, they were made only for a TSeT coverage of ca. 250 Å. This indicates columns of at least the same height for the RT-grown 100 Å TSeT film on Au(111), which further supports the notion of pronounced 3D island growth also in this case.
IV. CONCLUSIONS
TSeT at the interface with Au(111) and Ag(111) was studied with XPS, from which we find chemisorption via the selenium atoms. UPS results obtained for TSeT deposited on these metals and Cu(111) reveal different molecule-induced work function changes, which give rise to an almost identical work function for TSeT monolayers on the three metals (within 0.15 eV), while the initial metal work function values vary by almost 1 eV. This situation can be explained by charge density rearrangements at the seleno-metalbonds resulting from Fermi-level pinning predominantly at the selenium-related levels. A seleno-(or chalcogeno-) functionalizing therefore offers a good strategy to counterbalance the push-back effect at the organic/metal interface, which reduces the work function in the case of physisorption. This is particularly relevant for TSeT/Ag(111), since Ag(111) has the lowest φ of the three metals. In this case, we find almost vacuum level alignment, and the low IE of TSeT allows a very low hole injection barrier (only 0.4 eV).
TSeT grows in a kinetically limited layer-by-layer fashion on Au(111), Ag(111), and Cu(111) when the samples are cooled to 77 K during deposition. Molecules in multilayers change orientation from lying to vertically inclined upon annealing and pronounced dewetting occurs. Consistently, TSeT exhibits 3D-island growth when the metal substrates are at RT. Therefore, despite the favorable energy level alignment for hole injection from a metal, TSeT itself is not suitable for device applications. However, similar selenofunctionalization should be applicable also to organic semiconductors that have more favorable morphology and film growth, and, therefore, offers a promising route to fabrication of air-stable organic material with yet minimized hole injection barriers at noble metal contacts.
